Abbreviations: (D10w) dextrose 10% in water, (D50w) dextrose 50% in water, (DSMB) data and safety monitoring board, (ICU) intensive care unit, (IIT) intensive insulin therapy, (SD) standard deviation 
Introduction
A large single-center randomized trial of intravenous insulin with the goal to control blood glucose within the normal range (so-called intensive insulin therapy, IIT) reported reduced mortality in critically ill patients in a cardiac surgical intensive care unit (ICU) . 1 The beneficial effect on mortality was largest in the subset of patients with an ICU stay over 5 days (9% mortality reduction). However, subsequently studied medical ICU subjects demonstrated a benefit only in the subset with ICU stays of more than 3 days. 2 Reported reductions in the development of acute kidney injury and neuromyopathy, as well as a strong pathophysiologic rationale for benefit, led the American College of Endocrinologists to recommend IIT. 3, 4 However, two more recent trials failed to confirm these initial findings. 5, 6 A recent review of published efforts to normalize blood glucose reported wide variations in insulin dosing approaches. 7 Most of the protocols were implemented by ICU nurses, were complex, and required blood glucose monitoring every 30-60 minutes.
7 Disparate rates of hypoglycemia have been reported from randomized trials in which 3 to 18% of patients in the IIT arms experienced one or more blood glucose values below or equal to 40 mg/dl. 1, 2, 5, 8 Some protocols imposed substantial burdens on nurses. 10 Thus a safe, easy to use, and effective insulin protocol is needed for both research and clinical care.
Computer-based decision support tools can improve the conduct of complex clinical interventions. [11] [12] [13] We developed a computerized-based decision support tool for conduction IIT (eProtocol-insulin) in critically ill patients at LDS Hospital in Salt Lake City, Utah, beginning in 2001.
14 Our clinician compliance (acceptance of eProtocolinsulin instructions) at LDS Hospital was 93% (standard deviation = 5.6%). We successfully exported this tool for quality improvement purposes to adult ICUs in other hospitals. 11 We now report results of a multicenter validation of this tool in adult and pediatric ICUs. We set thresholds for the proportion of protocol instructions that must be acceptable to clinicians, the proportion of blood glucose values in the target range, and the frequency of hypoglycemia that had to be met in order to consider the tool validated. In addition, we evaluated the impact of the protocol on nurse perceptions of quality of care and workload burden.
Methods
eProtocol-insulin is an open loop decision support system that runs on a laptop computer at the patient's bedside (see Appendix I). A bedside clinician uses a single computer screen to enter the blood glucose and receive an instruction that, if accepted, initiates a countdown timer for the next scheduled glucose measurement. eProtocol-insulin targets a blood glucose of 80-110 mg/dl. eProtocol-insulin had been iteratively refined by clinician-investigators with extensive experience with the development and implementation of computerbased decision support tools.
12,13 After entering a blood glucose value, a bedside clinician receives an insulin infusion rate instruction. In the event of hypoglycemia, eProtocol-insulin generates instructions to discontinue insulin and administer intravenous glucose adjusted for patient weight. The clinician may accept or decline the instruction and enter an alternative treatment based on clinical experience or specific characteristics of a patient. If the instruction is declined, the clinician enters a reason captured by eProtocol-insulin. The computer then displays a digital timer for the next recommended glucose measurement. In most instances, the recommended interval between blood glucose measurements is 2 hours. Figure 1 shows an example of the single screen view for eProtocol-insulin. As part of the National Institutes of Health Roadmap initiative to improve clinical research, we assembled a multidisciplinary group of investigators to validate eProtocol-insulin and assess its exportability to other clinical environments (see Appendix II).
We conducted a multicenter study in six adult and five pediatric ICUs. Laptop computers with eProtocol-insulin were distributed to study sites. Study team members received limited, teleconference Web-based training. Study personnel then trained their local ICU nurses.
We required attending physicians of eligible patients to independently intend to use intravenous insulin to normalize blood glucose. We used eProtocol-insulin for glucose control for a duration determined by the clinical caregivers. In pediatric ICUs, we also required support or intended support either with mechanical ventilation (including noninvasive ventilation) for greater than 24 hours or with a vasocative infusion. In adult ICUs, we required an anticipated length of stay of 3 or more days.
We excluded pregnant patients, patients younger than 1 month, and patients with inborn errors of metabolism likely to affect glucose control, acute or chronic liver disease with a prior episode of glucose less than 60 mg/dl, or diabetic ketoacidosis. After informed consent and the collection of limited, deidentified baseline demographic data, patients were managed with eProtocol-insulin for a duration that was determined by the patient's ICU clinical care team. We relied on usual care methods for the measurement of blood glucose.
We used the percentage of accepted instructions as our primary efficacy measure and the percentage of blood glucose values ≤40 mg/d as our primary safety measure. To consider the eProtocol-insulin validated, all three of the following a priori criteria must have been met: Clinician compliance with insulin dose instructions must exceed 90% (p = 0.05 one sided)
1.
Percentage of glucose values in the normal 70-to 110-mg/dl range must be equivalent to the prior LDS experience of 55%
Percentage of all glucose values ≤40 mg/dl must be less than 0.5% (p = 0.05 one sided)
We originally chose a sample size of 200 patients (100 adults and 100 children) to obtain a multicenter estimate of the percentage of eProtocol-insulin instructions accepted by bedside clinicians. We subsequently reduced the pediatric sample to 50 subjects due to slow enrollment. Based on an analysis of the hypoglycemia rates in our pilot studies, with an estimated 7500 glucose determinations in 150 patients, we had 90% power to demonstrate that the observed hypoglycemia rates were less than our safetystopping threshold of 0.5% of glucose values. Because low values are often repeated immediately before or after treatment, we considered multiple low blood glucose values within 30 minutes to represent one episode of hypoglycemia. The range of 70-110 mg/dl was chosen for our efficacy measure as it more closely represents the normal fasting range for blood glucose. The lower bound of the target range for eProtocol-insulin (80 mg/dl) was set higher than the lower bound of normal as an added safety measure.
2.
3. Figure 1 . eProtocol-insulin screen. Single screen displayed to the bedside intensive care unit clinician (usually a nurse). The clinician enters patient-specific data [current blood glucose measurement (mg/dl or mmol/liter) and whether the patient is receiving at least 50% of predicted caloric intake]. eProtocol-insulin generates a patient-specific recommendation with a white background that turns gray when the clinician checks the "Accept" box, at which time the recommended insulin infusion rate is automatically entered in the "Insulin drip" box [Units/kg/h for children (as shown) and Units/h for adults]. A large countdown timer starts and indicates the time remaining until the next eProtocol-insulin mandated blood glucose measurement (1 hour, 56 minutes, and 0 second in the illustration). Past data are listed in the table on the bottom of the display (only the first two lines of the table are shown for clarity). The Glycemic Control Nurse Questionnaire was distributed randomly to bedside nurses who completed the paper survey at the end of their shift. We targeted nurses during the day shift and no attempt was made to control for nurse:patient ratio, prior experience with eProtocol-insulin, or the number of patients assigned to the survey nurses who were on the protocol. The questionnaire was adapted from a survey instrument used by Ingle and colleagues to assess nursing perceptions of a paper and computerized protocols. 15 In addition to years of ICU nursing experience, survey elements included a workload comparison of eProtocol-insulin use burden to that of common clinical workloads, such as mechanical ventilation, usability of eProtocol-insulin, and perceived impact of eProtocol-insulin on the quality of care of all the patients assigned to the nurse. The workload associated with eProtocol-insulin was compared to five common intensive care unit interventions. 16, 17 We calculated the mean and standard deviation (SD) of patient age and the percentages of various dichotomous and categorical outcomes for variables reported in Tables 1-3 . We made comparisons using a two-sided t test for age and a two-sided χ 2 test for the categorical outcomes. P values of less than 0.05 were considered statistically significant.
The study was reviewed and approved by local institutional review boards. Monthly reports of study results were reviewed by an independent data and safety monitoring board (DSMB) that met twice per year by teleconference. Further, blood glucose values ≤40 mg/dl were reported to the coordinating center within 24 hours and a detailed review of each episode was sent to the DSMB and to investigators for local institutional review boards within 7 days. The protocol stated that if the safety threshold of hypoglycemia (0.5% or more of glucose values below 40 mg/dl) was reached, then enrollment would cease pending review by the DSMB.
Results
We enrolled 100 adults and 48 children between February 2006 and January 2007. The six adult centers enrolled 25, 24, 20, 20, 10 , and 1 patient, respectively. The five pediatric sites enrolled 17, 13, 8, 7, and 3 patients, respectively. All trauma and burn patients were enrolled from a single site. Baseline characteristics of the subjects are summarized in Table 1 . eProtocol-insulin generated a mean of 83 insulin instructions per adult and 96 per child. Adult and pediatric clinician compliances with eProtocol-insulin instructions were 95 and 91%, respectively ( Table 2) . Adult clinicians were usually ICU nurses, and pediatric fell to 116 ± 38 mg/dl with eProtocol-insulin. The mean (± SD) pediatric patient baseline blood glucose value was 180 ± 87 mg/dl and fell to 118 ± 39 mg/dl with eProtocolinsulin (p < 0.0001 for both comparisons). The proportion of glucose values in the normal 70-to 110-mg/dl range was 47% for adults and 48% in children (47% overall) and fell within the confidence bounds necessary to meet this validation criterion. The distributions of blood glucose values in adults and children were similar (Figure 2) .
The percentage of glucose values ≤40 mg/dl was below the protocol-specified safety threshold of 0.5% (Table 3) . Nineteen patients had one or more glucose values ≤40 mg/dl (one pediatric patient had three measurements ≤40 mg/dl in a single hypoglycemia episode). The overall rate of all glucose values of ≤40 mg/dl was 0.18%, and the rate of episodes of values less than 40 mg/dl (remeasurements within 30 minutes were counted as one episode) was 0.17%. Rates were higher in children but the reasons for hypoglycemia were similar to those in adults.
In half of the hypoglycemic episodes, no reason was identified ( Table 3 ). All the episodes were asymptomatic, without reported residua, and were reviewed by the DSMB, which recommended no changes to the protocol.
Twenty-one nurses were selected at random to complete a survey and all responded ( Table 4) . On average, respondents reported 6 years of ICU experience, had managed six patients with eProtocol-insulin, and thought that the eProtocol was easy to use (mean 2.6, with 0 = easy and 10 = difficult). However, over half reported that eProtocol-insulin consumed as much or more time as managing mechanical ventilation or a single vasoactive medication. Most nurses were caring for two ICU patients and reported that eProtocol-insulin had a low impact on their ability to complete other nursing activities for their patient on eProtocol-insulin or their other patient (mean 2.6; 0 = no impact, 10 = significant impact on nursing care). Finally, nurses reported that eProtocol-insulin did not impact their work-related stress.
Discussion
Because hypoglycemia rates with IIT insulin therapy were reported inconsistently, we reported both the percentage of all blood glucose measurements ≤40 mg/dl and the percentage of patients with at least one glucose measurement ≤40 mg/dl. eProtocol-insulin recommendations for insulin therapy were accepted by bedside clinicians over 90% of the time and led to 48% of blood glucose values falling within the normal (70-110 mg/dl) range. eProtocol-insulin was well accepted by critical care nurses, and the rates of hypoglycemic In a large trial of insulin therapy in adult surgical patients, the rate of hypoglycemia was 6.2% of subjects and similar to our experience in adults (7%).
1 In a subsequent report of insulin therapy in medical ICU patients, hypoglycemia was reported in 18% of patients.
2
There is limited published experience with IIT in children. Although no controlled trials of insulin therapy have been reported in children, it appears that hypoglycemia with or without insulin therapy occurs in greater frequency in children. One study comparing results before and after a commitment to normalize blood glucose in pediatric burn patients revealed an increase in survival, but no difference in average blood glucose values. 18 In that study, insulin therapy was associated with a 27% incidence of hypoglycemia requiring treatment (glucose value <50 mg/dl), although there was no comment regarding its impact on patient outcomes. Srinivasan and colleagues 19 demonstrated hypoglycemia in 7% of children but no association with insulin therapy. Wintergerst et al. 20 reported that hypoglycemia was associated with increased mortality, but that hypoglycemia was defined as glucose <65 mg/dl and its association with insulin therapy not determined. 20 We surveyed pediatricians and discovered that many pediatricians have extrapolated from the adult literature and now attempt to normalize glucose values for their patients. 21 Wilson and colleagues 7 reviewed 12 published insulin therapy protocols for critically ill patients and compared starting insulin doses and the method of subsequent insulin dose adjustments for the rising of falling glucose values. Most protocols used prior glucose values to titrate insulin without insulin sensitivity factors or strict titration based on caloric intake, with the latter being quite variable in critically ill patients. In a simulation based on glucose values from a patient managed with the Van den Berghe protocol, the different protocols generated subsequent 9-hour doses of insulin that varied from 27 to 115 units (mean = 67 units). The authors concluded that there is a wide variability in insulin dosing approaches and called for close attention to the choice of a protocol (Figure 3) .
7
The Van den Berghe protocol delivered 115 units of insulin over 9 hours and instructed no dose reduction as glucose values approached the lower bound of the target range and only a minimal dose reduction when glucose fell from 83 to 61 mg/dl (insulin dose reduced from 15 to 14.5 units/hour). For the same blood glucose data, eProtocol-insulin instructed a total dose of 29 units and decreased the insulin dose by over 50% when the glucose value fell from 161 to 83 mg/dl (Figure 3) , as did five other protocols (Figure 3) . All protocols except the Van den Berghe protocol stopped insulin when the glucose value was 61 mg/dl. Critically ill patients may tolerate wide ranges of insulin doses with similar effects, which might also explain protocol variability. Alternatively, clinician oversight acts to correct deficiencies when they decline troublesome instructions. It is unclear how often the 12 protocols reviewed by Wilson et al. 7 generated such instructions. Clinician compliance with protocol instructions is commonly not included in reports of protocol performance. Without clinician compliance data, it is difficult to evaluate how the protocols are actually implemented. 12, 13 Because each patient state and each protocol response depend on previous patient states, protocol performance is a sequentially determined outcome. Therefore, a rigorous comparison of different protocols would likely require a randomized comparison.
While eProtocol-insulin satisfied the a priori efficacy target for glucose control, a substantial number of glucose values were above the target range (Table 2, Figure 3) . One potential approach for better controlling blood glucose would be to condition insulin dosing on additional patients and practice factors, such as the dose of corticosteroids and vasopressors, quantity of nutritional support, and degree of insulin resistance estimated from the preceding insulin-glucose relationships for a given patient. Such approaches are more complex and some have been published recently. 22, 23 One of these, a computerized protocol using an insulin resistance factor (GlucoStabilizer), achieved 73% of glucose values in the 70-to 110-mg/dl range with a mean glucose of 107 mg/dl and a frequency of glucose values less than 50 mg/dl of 0.4%. It is unclear if the ICU case mix, nutrition practices, or insulin dosing rules, including a resistance factor, account for this more favorable performance.
23
We do not understand clearly how to assess the efficacy of glucose control for improving important clinical outcomes. One analysis suggested that the benefit from insulin therapy for mortality and prevention of neuromuscular weakness derived from glucose control, as opposed to insulin exposure, and described superior outcomes when glucose was normalized. 3 Another report suggested superiority of the "glycemic index," a timeweighted average of values above the normal range. 24 However, an observational cohort study of 7049 critically ill patients suggested that reduced variability in blood glucose, measured by the standard deviation, was equally predictive of adverse outcomes as the mean glucose. 25 We chose the proportion of values in the normal range, which approximated the goal of eProtocol-insulin per se as our primary glucose control efficacy measure. Our standard deviation of mean glucose was 38 mg/dl in adults and 39 mg/dl in children. In a large cardiac surgical ICU cohort where insulin 2 therapy was particularly effective, the SD was 19 mg/dl.
1 In a follow-up medical ICU study with the same protocol, the SD was 29 mg/dl overall and 25 mg/dl in the subgroup with improved outcomes (ICU length of stay >3 days). Further research is needed to determine the optimal goal for insulin therapy and to establish cause and effect.
Nursing workload is an important contributor to patient outcomes. Nurses found eProtocol-insulin intuitive and relatively easy to use with minimal formal training, although our sample was relatively small. However, over half of the nurses equated IIT with the same or greater workload as that for managing mechanical ventilation or a single vasoactive infusion. Similar to findings reported by nurses using a computerized information management system in England, 15 our IIT had little impact on nonglucose control-related nursing activities. This is an important observation, as Sochalaski 26 noted that 40% of the variation in nurse-perceived quality of care was associated with the number of tasks left undone at the end of a nurse's work shift.
Intensive insulin therapy requires a change in clinical behavior and resource use. 15 Aragon 10 observed 21 ICU nurses performing scheduled blood glucose monitoring and making adjustments in insulin therapy. Nurses spent a median of 4.67 minutes per blood work-titration cycle with more time spent when glucose monitoring supplies were not available or functioning properly. In contrast, in their survey of nurses before and after implementation of a computerized IIT system, Vogelzag and colleagues 24 reported a time savings; specifically, time was saved by avoiding the need to call the physician with each blood glucose result and treatment change. Nurses reported that the time saved was then devoted to other patient care activities. Additional and more comprehensive evaluations of the impact of IIT approaches on nursing care are needed.
Conclusion
eProtocol-insulin generated clinically acceptable instructions in 93% of instances with similarly high clinician compliance in both adult and pediatric ICUs in multiple hospitals. The performance in adults mirrored that in the development hospital, demonstrating that eProtocol-insulin is an exportable decision-support tool and is a replicable method for modulating blood glucose. Published insulin dosing methods vary widely and a given method may perform differently when used outside the ICU in which it was developed. Careful evaluation of insulin dosing protocols should be undertaken before adopting externally developed protocols in ICU usual care practices or clinical research.
Funding:
Funding for this Roadmap project was provided through a contract with the National Institutes of Health (HHSN268200425210C).
